The hydration of ions plays a fundamental role in liquid-phase chemistry, both for molecular structures and chemical processes. [1] [2] [3] Properties of solvated ions have been studied with a broad range of experimental methods, addressing both time-averaged equilibrium geometries and structure changes on time scales down to femtoseconds. Such experimental work has been complemented by theoretical calculations of intermolecular interactions and simulations of molecular dynamics. In this context, the solvation of protons in water and other polar liquids represents a prototypical case, playing a fundamental role for proton transport in liquids, acids [4] [5] [6] , biological and artificial membranes 7, 8 , and energy storage devices such as batteries and fuel cells. [9] [10] [11] The characterization of the main proton solvation structures, their dynamics and associated lifetimes represents a major prerequisite for understanding such phenomena at the molecular level.
There are two limiting solvation structures of hydrated excess protons in water: (i) the Zundel cation 12 H5O2 + accommodates a proton H + between two flanking water molecules with the proton transfer coordinate z = rO1…H+ -rO2…H+ (cf. Fig. 1a ; rO1…H+ , rO2…H+: distances between the proton H + and the oxygen atoms of the flanking water molecules 1 and 2) and the O···O distance (hydrogen bond coordinate) R. In the limiting geometry of a symmetric Zundel cation the proton resides at equal distances to the two oxygen atoms (z = 0). The Zundel geometry persists as long as the proton is confined by an O … O double minimum potential with low double-well barrier.
(ii) the Eigen complex H9O4 + ( Fig. 1c) in which a central hydronium H3O + forms hydrogen bonds with three neighboring water molecules and the proton is localized at the hydronium core. 13 Stationary Zundel, Eigen, and intermediate proton solvation structures have been demonstrated in ultracold protonated water clusters [14] [15] [16] [17] [18] where fluctuations of the hydration geometries are frozen out.
In contrast, protons in a liquid water environment at ambient temperature are subject to fluctuating electric forces with local fluctuation amplitudes of some 20-30 MV/cm, caused by thermally excited structure fluctuations of the water dipoles. 19, 20 Such structure fluctuations cover a time range from tens of femtoseconds up to several picoseconds 21 with the fastest motions of water molecules originating from librational excitations. 22 Hydrogen bond breaking and reformation between water molecules are clocked in picoseconds. 23 Structure and dynamics of protons in this highly complex liquid environment have been the subject of extensive theoretical and simulation work with partly conflicting results. [4] [5] [6] [24] [25] [26] [27] [28] [29] In particular, the relative abundance of Zundel, Eigen, and/or intermediate solvation species in neat water has remained controversial. On the experimental side, femtosecond infrared spectroscopy has probed the fluctuating ensemble by vibrational excitations of water molecules. [30] [31] [32] Fluctuating forces manifest in transient vibrational lineshapes, most specifically in two-dimensional infrared (2D-IR) spectra. For protons in water, the observed vibrational response is due to both water molecules solvating protons and those in the bulk of the liquid, making an interpretation of the results in terms of structure highly challenging.
Recently, we have introduced the proton transfer mode as a sensitive probe to benchmark ultrafast dynamics of Zundel cations H5O2 + , prepared as the predominant species in the polar solvent acetonitrile. 33, 34 Combining femtosecond 2D-IR and pump-probe 35 spectroscopy with quantum mechanics/molecular mechanics (QM/MM) simulations we have shown that the fluctuating electric field of the solvent induces a strong modulation of the proton double-minimum potential energy surface along the proton transfer coordinate z. Due to the absence of a central barrier in the double-well potential, the resulting stochastic largeamplitude displacements of the proton explore essentially all spatial positions along z within 1 ps. Comparative experiments with protons in H2O reveal a strikingly similar behavior and suggest that the dimer (Zundel) motif occurs as a major solvation species in water. This conclusion has been confirmed in subsequent 2D-IR studies in a broader spectral range. 36 In this Letter, we present a systematic study of proton dynamics in acetonitrile/water solvent mixtures by 2D-IR spectroscopy and QM/MM molecular dynamics simulations. In the experiments, the proton transfer mode is mapped at various acetonitrile/water mixing ratios originates from the water content of the aqueous HI stock solution. For each concentration ratio, a reference spectrum of the neat solvent mixture (not shown) was subtracted from the spectra in Fig. 1(d) to derive the spectra of solvated protons in Fig. 1 (e).
The absorption spectrum of the Zundel cations in CH3CN displays the broad absorption band of the proton transfer mode between 900 and 1500 cm Absorptive 2D-IR spectra for different mixing ratios of acetonitrile and water are presented in Fig. 2 . All spectra were recorded with a waiting time T = 0 fs, results for longer waiting times of 50 fs and 100 fs are shown in the supporting information (SI, Fig. S1 ).
Yellow-red contours in Fig followed by subpicosecond redistribution processes of the vibrational excess energy. 33, 35, 36 The 2D-IR experiments were complemented by femtosecond pump-probe studies with resonant excitation of the proton transfer mode by pulses centered at 1210 cm
shows transient pump-probe spectra of protons solvated in neat H2O (1 M HI), extending up to the onset of the OH stretching absorption of H5O2 + around 3000 cm -1 . The absorption changes below 1600 cm -1 are due to the reduced v=0 to 1 absorption and the enhanced v=1 to 2 absorption of the proton transfer mode, while the absorption changes at higher probe frequencies reflect anharmonic couplings to the other vibrations. 37 It is important to note that pump-probe signals are diminishingly small between 2400 and 2600 cm -1 , the range in which the OH stretching absorption band of the Eigen cation sets in. 35 We conclude that structural conversion of H5O2 + into an Eigen form plays a minor role under the present experimental conditions. We further note that pump-probe spectra in the 2000-2600 cm -1 range depend on the proton and counterion concentration as demonstrated in the SI for 2M HI ( Results of the QM/MM simulations are summarized in Fig. 3 38 In Fig. 3e the distribution of explored proton transfer coordinate z1 is compared for H5O2 + , H7O3 + and H9O4 + . Due to the non-centrosymmetric surrounding of the active proton, asymmetric displacements are favored in H7O3 + and H9O4 + imposing a bimodal distribution in z1, while for H5O2 + the distribution peaks around z1 = 0. Nevertheless, the projection of sampled configurations on the two-dimensional space of the proton transfer coordinate z1 and hydrogen bond coordinate R1 (Fig. 3f) shows the strongly correlated dynamics of R and z 4, 24, 25 which are preserved for H7O3 + and H9O4 + . The respective potential of mean force (PMF, SI The 2D-IR spectra in Fig. 2 provide direct evidence for the predominance of a lowbarrier double-minimum potential over the full range of acetonitrile-water mixing ratios. The 2D-IR data together with broadband pump-probe data ( Fig. 1f) The observed moderate blue shifts in linear absorption ( Fig. 1) and transient 2D signals (Fig. 2) point to an increase in the fluctuation amplitude with increasing water content. Our results are relevant for understanding the microscopic mechanism of proton translocation in aqueous solution via the von Grotthuss mechanism. The reported persistence of the Zundel motif strongly suggests a Zundel-type ground state during resting periods inbetween proton translocation, in contrast to mechanistic proposals suggesting the Eigen-motif as a resting state. 25, 26 The fluctuating proton's spatial amplitude within the Zundel species is comparable to the distance over which protons are shifted in an elementary transport step.
This observation is in line with a picture in which a breaking of hydrogen bonds in the second solvation shell of H5O2 + leads to a rearrangement of the hierarchical hydrogen bond structure, accompanied by translocation of the solvation geometry. Such rearrangements, imposed, e.g., via the angular jump mechanism 23 , represent the key mechanism for inducing a transport step.
Such events are clocked in picoseconds and define the lifetime of the Zundel species. It should be noted that the total H5O2 + concentration remains unchanged within the ~1 ps time window of the present experiments, i.e., there is no net production of other proton solvation species. 33 Proton translocations between Zundel geometries leave the total absorption band due to the proton transfer mode unchanged and, thus, cannot be mapped here.
In conclusion 
